I. The fermentation of twenty-six different carbohydrates was studied in an artificial rumen.
. McNaught (1951) estimated methane production during fermentation of maltose, arabinose and xylose but did not exclude air during incubations and the methane values were generally low. As far as weknow no systematic work has been carried out on the relation between the production of methane and the fermentation of various carbohydrates. The object of this work was to incubate each of several soluble carbohydrates with mixed rumen micro-organisms under specified conditions and to measure the changes in the concentrations of various products during incubation with particular reference to methane production.
E X P E R I M E N T A L

Animals and diet
Two wethers, fitted with rumen cannulas, were kept on a diet of 500 g molassed sugar-beet pulp given at 09.00 h and 500 g hay, together with IOO g barley, given at 16.00 h. Samples of rumen contents (about 300 ml from each sheep) were withdrawn before the morning meal as described previously (Czerkawski & Breckenridge, 1969) . The samples were strained and pooled.
The artiJicia1 rumen and its operation
The procedure has been described fully by Czerkawski & Breckenridge (1969) .
As a rule, each reaction vessel contained 200 ml of artificial saliva (McDougall, 1 9 4 190 ml water and zoo mg ammonium carbonate. T h e inoculum of rumen contents (~o o m l ) was added after gassing both the buffer solution and the inoculum with C0,-N, ( 5 :95, v/v) . After an interval of 15-20 min to equilibrate the temperature the substrate (1.5 g dissolved in 10 ml water) was added to each vessel. Samples of reaction mixture and gas were taken for analysis as described previously. Gas analysis. T h e composition of gas was determined as described by Czerkawski & Clapperton (1968) .
Analyses and materials
Total steam-volatile acids (SVA) and lactate. The total concentration of SVA and the concentration of lactate were determined by the method of Conway (1962) . The composition of SVA was determined in a limited number of experiments as described by Czerkawski (1967 (1956) to give a measure of the soluble sugar and the polysaccharide respectively.
The pentoses gave the largest extinction, ranging from 0.5 to 0.7 for solutions containing 40 pg/ml. The hexoses, the methyl-pentoses, disaccharides and polysaccharides gave extinctions ranging from 0.3 to 0-5 with solutions containing 40 ,ug/ml. The hexuronic acids and the sugar alcohols gave low extinctions varying from 0.03 to 0.30 at concentrations of 40,ug/ml but, since they were utilized very slowly by the rumen micro-organisms as judged by the small amounts of products, a very accurate estimation was not required. Glucosamine did not react at all with the phenol reagent and its concentration was determined by the method of Rondle & Morgan (1955).
The amounts of soluble carbohydrate that disappeared during fermentation were usually expressed as a percentage of the sugar added initially. It was assumed that the storage polysaccharide was a polyhexose and the results were calculated in terms of glucose, which gave an extinction similar to that given by starch. I n some experiments it was desirable to determine the concentration of two different sugars independently. When mixtures of sucrose and arabinose were incubated the optical density was determined at 492 and 480,um, and the relative amounts of each sugar were calculated, using the specific extinction of each sugar.
RESULTS
Results of some typical experiments
The results of three separate experiments, in which various carbohydrates were incubated with rumen contents, are shown in Figs. 1-3 . Each experiment included a control vessel to which no substrate was added, a standard that contained sucrose and three vessels each with a substrate under investigation. Small amounts of hydrogen were formed during fermentation of most of the substrates used, but since the total amount of hydrogen formed was usually less than 2 ml/vessel in all instances except L(+)-arabinose, the results of hydrogen determination are not given here. With L( +)-arabinose in three out of five experiments hydrogen began to accumulate towards the end of incubation. T h e rates of methane production (Fig. I a, b, c) varied from substrate to substrate and they correlated largely, but not entirely, with the rate of production of SVA and the rate of utilization of substrate (Fig. z a , b, c) , defined as the amount of substrate that disappeared minus the amount of polysaccharide formed. Since the soluble carbohydrate content of the reaction mixture was usually small before the addition of substrates (less than 1% of the amount added) it was assumed that the carbohydrate added accounted for all the soluble carbohydrate. However, the initial amounts of polysaccharide were not negligible and tended to decrease with time in control experiments. The amounts of polysaccharide were expressed for convenience as percentage of the weight of the substrate added. The methane production was also correlated with total gas production (not given here). The behaviour of rhamnose was such that, although the substrate was utilized, the methane production was indistinguishable from the endogenous methane production. Although methane production was also strongly correlated with the production of SVA (except for rhamnose), the pattern of lactate production was characteristic of the type of sugar used (see Fig. 3 ). 
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The methane production was invariably greater with sucrose as substrate than with the other sugars tested. When glucose or fructose was incubated with rumen contents (see Table I ) the amounts of methane produced were somewhat smaller than with sucrose. Stereochemical structure appeared to be important, but not always. For instance, the rates of methane production with galactose and mannose were similar, but both gave considerably less methane than did glucose. Ribose gave considerably less methane than xylose and, in agreement with the work of McNaught (1951) and Heald (1952), sorbose gave much less methane than fructose. The rates of utilization of cabohydrate were greatest with sucrose (Fig. 2 ) . The fermentation of sucrose also resulted in the accumulation of the greatest amounts of microbial polysaccharides. The extent of this accumulation was directly correlated with the rate of fermentation in all the carbohydrates tested except ribose and rhamnose. It has been shown by Coleman (1968) that protozoa do not synthesize ribose from other sugars and that they take up ribose from solution, partly converting it into glucose. This might in part explain the apparent considerable disappearance of ribose and the lack of vigorous fermentation. Rhamnose was utilized almost as rapidly as xylose or galactose, and yet there was apparently no accumulation of microbial polysaccharides.
Sucrose (together with glucose and fructose) were the only sugars that led to a temporary accumulation of lactate. This accumulation of lactate is in agreement with the findings of Phillipson & McAnally (1942) and, more recently, with the findings of Sutton (1968) and Walker (1968). The shapes of the curves suggest that at least for a time the rates of production of lactate were greater than the rates of its utilization, since the concentrations of lactate began to decrease when most of the substrate was exhausted. In any event the amounts of lactate produced were small (0.1-0.2 mmoles/vessel) compared with the production of SVA (5.0-6.0 m-equiv./vessel). The steady accumulation of lactate or some substance reacting like lactate, when rhamnose was incubated with rumen microflora, cannot be explained at present.
Summary of results of all the experiments
The results of some of the relevant analyses from fifty-three experiments with twenty-six substrates are given in Table I . For convenience the substrates were segregated according to gross chemical structure, although this often bore little relation to the type and extent of fermentation. The fermentation characteristics of the following pairs of carbohydrates should be compared : D( -)-arabinose and L( +)-arabinose, sorbose and fructose, and cellobiose and trehalose. The results of the first two pairs are in agreement with the findings of McNaught (1951).
Since there was unavoidable variation in the concentration of the rumen contents taken from day to day there was much variability in replicate experiments (see results for sucrose in Figs. 1-3) . Nevertheless, it can be seen that there was a strong correlation between the rate of utilization of substrate and the rates of production of SVA and methane (except with rhamnose and ribose as substrate). The regression analyses of all the results showed that the fermentation of each mole of sugar (expressed as hexose) was probably associated with a mean production of 0.91 m-equiv. SVA and 0.22 moles of methane, the correlation coefficients being + 0.85 and + 0.81 respectively.
Since the mean ratio of methane produced to carbon dioxide produced was 0'21, it can be readily calculated that the initial fermentation of 1.0 mole of hexose would result in the production of 1-0 mole of carbon dioxide.
The storage polysaccharides were formed rapidly at first ; with most substrates, for every IOO moles of sugar that disappeared from solution about 50 moles were converted into polysaccharides. Since the end-products of fermentation (SVA, CO,, CH,) during the initial hour accounted for just over 50% of the carbon of the substrate utilized, it foliows that during the initial stages of fermentation virtually no carbon was used for synthesis of cell material other than storage polysaccharide. After 4.5 h of fermentation ( Group I. The carbohydrates placed in this group were poor substrates with 0-6% of added substrate fermented during the 1st hour. This group included the acid sugars (glucuronic and galacturonic acids), the alcohols (mannitol and sorbitol), two pentoses (D( -)-arabinose and ribose), sorbose, trehalose and starch.
Group 2 . The substances placed in this group were attacked reasonably rapidly (6-16 % of added substrate/h). This group contained two pentoses (L( +)-arabinose and xylose), two hexoses (galactose and mannose), three disaccharides (cellobiose, maltose and lactose), a trisaccharide (raffinose) and the polysaccharides inulin, xylan and pectin. However, pectin was fermented relatively slowly and it was difficult to decide whether to place it in group I or 2. There was no accumulation of lactate when members of this group were fermented. Vol. 23 steady production of lactate. There also appeared to be a small accumulation of lactate when fucose was fermented.
The mean recoveries of carbon within various groups of substrates after I and 4.5 h of incubation are summarized, together with the standard error in Table 3 . After 4-5 h of incubation the recoveries of carbon varied from group to group and the magnitude of the deficit seemed to be directly related to the rate of fermentation, inasmuch as the recoveries of carbon were greatest in group I and least in group 3.
Composition of SVA The mean composition of SVA at the beginning of control experiments was: acetate 67.0 %, propionate 18.47~) butyrate I 1.6 yo, isovalerate 2-2 yo and valerate 0.8 yo, and there was usually no significant change during incubation. There was also no significant difference when substances in group I were incubated with rumen contents. The mean molar proportions of SVA at the end of incubation (4-7 h) of controls and of various carbohydrates are given in Table 4 . The proportions of SVA obtained with glucose and fructose were similar to those with sucrose and they are not given in the table.
In agreement with the findings of Sutton (1968)) when sucrose was used there was usually a decrease in the proportion of acetate, an increase in the proportion of propionate and little change in the proportion of butyrate. The changes in the proportion of SVA with other substrates were less extensive and there was no definite pattern. The direction of some of these changes was often opposite to those that were described previously, e.g. butyrate from galactose and possibly sucrose (Sutton, 1968). This is not surprising since the proportions of various SVAs produced depend very much on the diet of the animals from which the rumen contents are taken. Fermentation of mixtures of sugars Several mixtures of sugars were incubated with rumen contents. The mixtures studied in detail were those containing sucrose and arabinose, sucrose and maltose, arabinose and maltose, and mixtures of all three substrates. When no sucrose was present in the mixtures the results were largely additive, but when mixtures of sucrose and arabinose or maltose were incubated the results were not additive. In fact, both arabinose and maltose seemed to be fermented more efficiently in the presence of sucrose and, as a rule, the fermentation patterns of mixtures containing either arabinose or maltose with sucrose were similar to the pattern associated with sucrose.
The synergistic effect of sucrose is best illustrated by the results of an experiment in which various proportions of arabinose and sucrose were incubated with rumen contents. The rates of formation of methane and hydrogen are shown in Fig. 4 . The synergistic effect of sucrose is illustrated in Fig. 4 4 particularly in the mixture containing 1-0 g arabinose and 0-5 g sucrose. The methane production was about 12% higher than would be expected if the contribution of arabinose had been in proportion to its amount in the mixture. In this particular experiment the formation of hydrogen was somewhat greater than usually encountered and the results are shown in Fig. 4b . With sucrose only or with the mixture of sucrose and a small proportion of arabinose; the hydrogen formed tended to disappear as the fermentation progressed.
The rates of disappearance of the two sugars are shown in 
D I S C U S S I O N
The results of fifty-three fermentation experiments using twenty-six different carbohydrates showed that, with the exception of rhamnose, the amount of methane produced was not very dependent on the type of carbohydrate, but rather was related to the amount of carbohydrate fermented. The mean amount of methane formed was 6.0 cal for IOO cal of sugar fermented; this is in good agreement with results of measurement of methane production in vivo (see review by Czerkawski, 1969) . The apparent non-specificity of methane production with respect to the type of carbohydrate fermented is consistent with the hypothesis that the carbohydrates are not direct precursors of methane and that the methanogenic bacteria do not utilize these substrates. The methanogens utilize some common product of fermentation of carbohydrates formed by the non-methanogenic micro-organisms.
The choice of a suitable substrate for routine screening of substances that might inhibit methane production is difficult. The largest amounts of methane were produced when the carbohydrates in group 3 were fermented (sucrose, glucose and fructose). These substrates were fermented rapidly and the methane production curves were not linear throughout the whole period of fermentation. When the initial amount of substrate was increased undesirable effects ensued, such as accumulation of large amounts of end-products, considerable drop in pH value and difficulties associated with measurement of large amounts of gas. The use of a smaller inoculum of rumen contents was also inadvisable. Although the rate of fermentation during the first hour and in particular the rate of methane production were at first proportional to the size of the inoculum (Czerkawski & Breckenridge, 1969) , when the inoculum was small (less than 20 % of the total volume) the fermentation characteristics altered after this time. Although the substrates were dissimilated at the predicted rates, the methane production usually fell to disproportionately small values or sometimes stopped altogether. This fall in methane production was accompanied by an ever-increasing rate of accumulation of hydrogen. Clearly, the carbohydrates in group I were very poor substrates, but the possibility of adding small amounts of ribose to the energy-yielding substrates to facilitate the synthesis of nucleic acids should be considered.
It would seem that some of the more readily fermented sugars of group 2 (e.g. maltose, galactose, arabinose) would be suitable substrates, but it might be difficult to relate the results obtained with these substances to the results obtained in vivo. The composition of the carbohydrates in many foodstuffs is known reasonably well, and a synthetic mixture, with composition approximating to any given foodstuff could easily be prepared. However, the availability of the various components might not be the same as in the natural substrate. Thus, the sucrose in molassed sugar-beet pulp dissolves rapidly and is readily attacked by the micro-organisms. On the other hand, arabinose and xylose, the chief components of hemicellulose and other less soluble constituents of the diet, might not be readily available for fermentation. Arabinose and xylose are probably released slowly during rumen fermentation and are utilized as rapidly as they are released.
Bearing the above arguments in mind, some exploratory experiments were made (J. W. Czerkawski, unpublished results) in which solutions of several substrates were infused slowly at constant rates into the incubation vessels. The results were encouraging. Within certain limits the rates of fermentation were governed by the rate of infusion. Thus, within certain limits the rate of fermentation could be varied at will and kept constant. This is of great importance in inhibition studies where each vessel could serve as its own control. In further work we have drawn upon the information from the experiments reported here and are now making a systematic study of the inhibition of methanogenesis.
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